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SUMMARY 
Whi le b o t h  space and t e r r e s t r i a l  a p p l i c a t i o n s  o f  p h o t o v o l t a i c  energy con- 
v e r s i o n  can b e n e f i t  from h i g h e r  e f f i c i e n c y  d e v i c e s ,  space s o l a r  c e l l s  must a l s o  
s u r v i v e  t h e  e f f e c t s  o f  t h e  n a t u r a l l y  o c c u r r i n g  space r a d i a t i o n  env i ronment .  
A l though  r e c e n t  advances i n  o u r  unders tand ing  o f  t h e  f a c t o r s  t h a t  c o n t r o l  t h e  
performance o f  s i l i c o n  s o l a r  c e l l s  have l e d  t o  e f f i c i e n c y  breakthroughs i n  l a b -  
o r a t o r y  dev i ces ,  t h e  p o t e n t i a l  r a d i a t i o n  damage s u s c e p t i b i l i t y  o f  such dev i ces  
i s  a s e r i o u s  drawback. Our unders tand ing  o f  t h e  u n d e r l y i n g  mechanisms which 
cause r a d i a t i o n  damage i n  s i l i c o n  s o l a r  c e l l s  has improved s t e a d i l y  o v e r  t h e  
yea rs ,  w i t h  t h e  r e s u l t  t h a t  i n  p r i n c i p l e  we can p r e s c r i b e  t h e  c e l l  and m a t e r i a l  
parameters needed to  achieve an o u t e r  space e f f i c i e n c y  o f  20 p e r c e n t  w h i l e  
p o t e n t i a l l y  m a i n t a i n i n g  c u r r e n t ,  or even s l i g h t l y  improved, l e v e l s  o f  r a d i a t i o n  
r e s i s t a n c e .  I t  i s  now apparen t  t h a t  t o  achieve a s i g n i f i c a n t  improvement i n  
r a d i a t i o n  r e s i s t a n c e  w i l l  r e q u i r e  development o f  s o l a r  c e l l s  from m a t e r i a l s  
o t h e r  than  s i l i c o n .  I n  some cases, such as GaAs and InP ,  t h e  a l t e r n a t e  m a t e r i -  
a l s  have t h e  p o t e n t i a l  for  h i g h e r  e f f i c i e n c y  a l o n g  w i t h  g r e a t l y  improved r a d i a -  
t i o n  r e s i s t a n c e .  I n  o t h e r  cases, such as amorphous s i l i c o n  and CuInSe2, t h e  
m a t e r i a l s  e x h i b i t  p o t e n t i a l  for  d ramat i c  improvement i n  r a d i a t i o n  r e s i s t a n c e ,  
b u t  w i t h  p r e d i c t e d  e f f i c i e n c i e s  a t  b e s t  equal t o  t h a t  of p r e s e n t  commerc ia l l y  
a v a i l a b l e  s i l i c o n  space c e l l s .  Th i s  paper w i l l  d i s c u s s  t h e  c o n t e n t  and d i r e c -  
t i o n  o f  t h e  NASA space s o l a r  c e l l  advanced research  program, and d e s c r i b e  i t s  
r e l a t i o n s h i p  t o  t h e  i ssues  ment ioned above. Recent r e s u l t s  w i l l  be p resen ted  
on b o t h  r a d i a t i o n  r e s i s t a n c e  and e f f i c i e n c y  o f  space c e l l  des igns from t h e  va r -  
i o u s  m a t e r i a l s  under i n v e s t i g a t i o n  i n  t h e  program. 
INTRODUCTION 
Whi le b o t h  space and t e r r e s t r i a l  a p p l i c a t i o n s  o f  p h o t o v o l t a i c  energy con- 
v e r s i o n  can b e n e f i t  from h i g h e r  e f f i c i e n c y  d e v i c e s ,  space s o l a r  c e l l s  must a l s o  
s u r v i v e  t h e  e f f e c t s  o f  t h e  n a t u r a l l y  o c c u r r i n g  charged p a r t i c l e  space r a d i a t i o n  
env i ronment .  A g r e a t  deal  o f  e f f o r t  has been d i r e c t e d  toward d e v e l o p i n g  an 
unders tand ing  o f  t h e  u n d e r l y i n g  mechanisms which cause r a d i a t i o n  damage i n  
space s i l i c o n  s o l a r  c e l l s  ( r e f .  1 ) .  I n  p r i n c i p l e  we can now p r e s c r i b e  t h e  c e l l  
and m a t e r i a l  parameters needed t o  ach ieve  improved l e v e l s  o f  r a d i a t i o n  r e s i s t -  
ance, w h i l e  p o t e n t i a l l y  m a i n t a i n i n g  p r e s e n t ,  or even s l i g h t l y  h i g h e r  space 
( i . e . ,  a t  AMO) e f f i c i e n c i e s  1 i b i d . l .  Recent achievements i n  c o n t r o l l i n g  t h e  
performance l i m i t i n g  f a c t o r s  o f  s i l i c o n  s o l a r  c e l l s  have l e d  t o  e f f i c i e n c y  
breakthroughs i n  l a b o r a t o r y  dev i ces  ( r e f s .  2 and 3). The apparent  s u s c e p t i b i l -  
i t y  t o  r a d i a t i o n  damage o f  these l a t t e r  dev i ces ,  however, i s  a p o t e n t i a l l y  
s e r i o u s  drawback which c o u l d  l i m i t  t h e i r  u s e f u l n e s s  i n  space a p p l i c a t i o n s .  
I t  has been c l e a r  f o r  some t i m e  t h a t  any major  improvement i n  r a d i a t i o n  
r e s i s t a n c e  w i l l  r e q u i r e  development o f  c e l l s  from new m a t e r i a l s .  I n  some 
I cases, such as GaAs and InP, t h e  m a t e r i a l s  o f f e r  t h e  p o t e n t i a l  f o r  h i g h e r  e f f i -  
c i e n c y  a l o n g  w i t h  g r e a t l y  improved r a d i a t i o n  r e s i s t a n c e .  I n  o t h e r  cases, such 
as amorphous s i l i c o n  and CuInSe2, t h e  m a t e r i a l s  e x h i b i t  p o t e n t i a l  f o r  d ramat i -  
c a l l y  improved r a d i a t i o n  r e s i s t a n c e ,  b u t  w i t h  e f f i c i e n c i e s  p r e d i c t e d  a t  b e s t  t o  
be equal  t o  space c e l l s  c u r r e n t l y  i n  use. I t  i s  necessary t o  pursue seve ra l  
c e l l  t echno logy  o p t i o n s ,  however, s i n c e  f u t u r e  p h o t o v o l t a i c  space power s y s t e m s  
w i l l  have more s p e c i a l i z e d  env i ronmen ta l  and o p e r a t i o n a l  requ i remen ts  than  has 
been t h e  case thus  f a r .  The r e s u l t  i s  t h a t  a wide v a r i e t y  o f  space s o l a r  
c e l l s ,  each w i t h  i t s  own s e t  of customized performance p r o p e r t i e s  (and assoc i -  
a t e d  c o s t s ) ,  w i l l  be needed. 
ADVANCED CELL TECHNOLOGY 
The s o l a r  c e l l  t e c h n o l o g i e s  under i n v e s t i g a t i o n  i n  the  NASA program 
i n c l u d e  p l a n a r  and c o n c e n t r a t o r  c e l l s ,  m u l t i p l e  j u n c t i o n  c e l l s  and u l t r a t h i n  
c e l l s .  Recent work on t h i n  s i l i c o n  s i n g l e  c r y s t a l  c e l l s ,  GaAs c e l l s ,  and InP  
c e l l s  on f o r e i g n  s u b s t r a t e s  w i l l  be p resen ted  here.  
T h i n  S i l i c o n  S i n g l e  C r y s t a l  C e l l s  
I t  i s  w e l l  known t h a t  dec reas ing  t h e  t h i c k n e s s  o f  s i n g l e  c r y s t a l  s i l i c o n  
s o l a r  c e l l s  improves t h e i r  r a d i a t i o n  r e s i s t a n c e ;  hence t h e  s o - c a l l e d  " 2  m i l "  
c e l l  ( a c t u a l l y  62 pm i n  p r a c t i c e )  i s  a lmos t  as t o l e r a n t  t o  charged p a r t i c l e  
r a d i a t i o n  as a s tandard GaAs c e l l  though l e s s  e f f i c i e n t .  The p r i m a r y  reason 
f o r  t h e  i nc reased  r a d i a t i o n  r e s i s t a n c e  i n  t h i n  S i  c e l l s  i s  t h a t  t h e  d i f f u s i o n  
l e n g t h  remains g r e a t e r  t han  t h e  base t h i c k n e s s  o f  t h e  c e l l  f o r  l a r g e r  l e v e l s  
o f  f l u e n c e  than  i n  a c o n v e n t i o n a l  c e l l .  U n f o r t u n a t e l y ,  dec reas ing  t h e  t h i c k -  
ness a l s o  causes some loss o f  e f f i c i e n c y .  The i n d i r e c t  a b s o r p t i o n  i n  s i l i c o n  
a l l o w s  t h e  o p t i c a l  p a t h l e n g t h  i n  t h i n  c e l l s  to  exceed c e l l  t h i c k n e s s  a t  l o n g  
wavelengths,  w i t h  an a t t e n d a n t  l o s s  of photogenerated c u r r e n t .  I n  an a t t e m p t  
t o  address t h i s  problem, NASA's J e t  P r o p u l s i o n  L a b o r a t o r y  i n i t i a t e d  an e f f o r t  
( r e f .  4) t o  develop c e l l s  as t h i n  as 2 5  pm t h a t  would have e f f i c i e n c i e s  equal  
t o  or g r e a t e r  t han  13 p e r c e n t  AMO. Though n o t  as e f f i c i e n t  as t h e i r  t h i c k e r  
c o u n t e r p a r t s  ( commerc ia l l y  a v a i l a b l e  SI space c e l l s  a r e  a v a i l a b l e  w i t h  e f f i -  
c i e n c i e s  above 14 p e r c e n t ) ,  t h e  a n t i c i p a t e d  improvement i n  e n d - o f - l i f e  pe r -  
formance ( i . e . ,  a f t e r  a 10 y e a r  exposure t o  t h e  r a d i a t i o n  environment i n  
geosynchronous E a r t h  o r b i t ,  or  GEO) i s  expected to be s u p e r i o r  to a l l  o t h e r  S i  
c e l l s .  The s i n g l e  most i m p o r t a n t  f a c t o r  c o n t r i b u t i n g  t o  t h e  improved e f f i -  
c i e n c y  o f  these new t h i n  c e l l s  i s  t h e  i n c o r p o r a t i o n  o f  l i g h t  t r a p p i n g  i n  t h e  
u l t r a t h i n  s t r u c t u r e .  F i g u r e  1 ( i b i d . 1  shows t h e  c a l c u l a t e d  e f f i c i e n c y  of c e l l s  
b o t h  w i t h  ( R  = LT) and w i t h o u t  ( R  = 0.8) l i g h t  t r a p p i n g ,  f o r  two d i f f e r e n t  
assumed va lues o f  back s u r f a c e  recomb ina t ion  v e l o c i t y .  R i s  t h e  a p p r o p r i a t e  
r e f l e c t i o n  c o e f f i c i e n t  f o r  each c e l l  t ype .  I t  was assumed t o  be 0.8 f o r  a dou- 
b l e  pass o f  l i g h t  a t  normal i n c i d e n c e  th rough  a "s tandard "  c e l l .  I n  t h e  case 
of  l i g h t  t r a p p i n g ,  10 passes of l i g h t  were assumed w i t h  a 95 p e r c e n t  r e f l e c t i o n  
a t  each i n t e r n a l  i n t e r f a c e .  The r e s u l t s  show t h a t  13 p e r c e n t  should indeed be 
f e a s i b l e  i n  a 25 pin t h i c k  c e l l .  
F i g u r e  2 ( i b i d . )  p l o t s  measured e f f i c i e n c y  versus th i ckness  f o r  b o t h  p o l -  
i shed  a n d  t e x t u r e d  ( ! .e . ,  l i g h t  t r a p p i n g )  c e l l s .  Two types o f  s u r f a c e  t e x t u r e  
w e r e  used: one which l e f t  p i t s  i n  t h e  s u r f a c e ,  and one which l e f t  pyramids on 
t he  su r face .  A s  can be seen i n  t h e  f i g u r e ,  b o t h  surfaces a re  e f f e c t i v e  a t  
e 
c 
I 2 
4 
i n c r e a s i n g  t h e  c u r r e n t  c o l l e c t e d  i n  t h e  dev i ces .  The d a t a  i n  t h e  f i g u r e  a l s o  
show t h a t  25  pm t h i c k  c e l l s  w i t h  l i g h t  t r a p p i n g  can approach 14 pe rcen t  AM0 
e f f i c i e n c y ,  a s i g n i f i c a n t  improvement o v e r  t h i n  c e l l s  w i t h  p o l i s h e d  s u r f a c e s .  
Data on t h e  r a d i a t i o n  r e s i s t a n c e  o f  these c e l l s  a r e  n o t  ye t  a v a i l a b l e .  
GaAs C e l l s  
E f f i c i e n c i e s  approaching 22 p e r c e n t  AM0 i n  p l a n a r  GaAs c e l l s  have been 
r e p o r t e d  ( r e f .  5). 
i n  s i l i c o n  on b o t h  a no rma l i zed  and an a b s o l u t e  b a s i s  ( r e f .  6). The impress i ve  
ga ins  i n  t h i s  c e l l  t y p e  have come about p r i m a r i l y  by  p a y i n g  c a r e f u l  a t t e n t i o n  
t o  m a t e r i a l  p r o p e r t i e s ,  and a p p l y i n g  good a n a l y t i c a l  models t o  t h e  development 
o f  d e v i c e  des igns.  Whi le  some performance g a i n s  i n  s tandard  p l a n a r  s t r u c t u r e s  
can ye t  be made by c o n t i n u i n g  t h i s  approach, more d ramat i c  improvement appears 
p o s s i b l e  th rough  v a r i o u s  geomet r i ca l  enhancements. Three approaches a r e  under 
i n v e s t i g a t i o n :  V-grooved c e l l s ,  p o i n t  c o n t a c t  c e l l s ,  and c o n c e n t r a t o r  
geome tr i e s  . 
R a d i a t i o n  r e s i s t a n c e  has a l s o  been shown t o  be b e t t e r  than 
V-Grooved GaAs c e l l s .  - The p r i m a r y  advantage o f  t h e  V-groove c e l l  i l l u s -  
t r a t e d  i n  f i g u r e  3 l i e s  i n  i t s  p o t e n t i a l  f o r  i nc reased  r a d i a t i o n  r e s i s t a n c e .  
A p r o p e r l y  dimensioned sawtoothed j u n c t i o n  geometry, coupled w i t h  t h e  h i g h  
o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  o f  GaAs, should a l s o  r e s u l t  i n  h i g h e r  c u r r e n t  
c o l l e c t i o n  than  t h e  p l a n a r  s t r u c t u r e .  There a r e  two p r i m a r y  e f f e c t s :  ( 1 )  a 
h i g h e r  f r a c t i o n  o f  m i n o r i t y  c a r r i e r  g e n e r a t i o n  takes  p l a c e  w i t h i n  a d i f f u s i o n  
l e n g t h  o f  t h e  pn j u n c t i o n  compared to  t h e  p l a n a r  geometry; and ( 2 )  t h e  V-groove 
t e x t u r e  reduces r e f l e c t i v i t y  l o s s e s  from t h e  s u r f a c e  o f  t h e  c e l l .  The f irst 
e f f e c t  i m p l i e s  h i g h e r  r a d i a t i o n  r e s i s t a n c e .  The second shou ld  r e s u l t  i n  h i g h e r  
p h o t o c u r r e n t  g e n e r a t i o n .  A compet ing e f f e c t  i s  t h a t  t h e  i nc reased  j u n c t i o n  
a rea  may r e s u l t  i n  a h i g h e r  d a r k  c u r r e n t  and c o r r e s p o n d i n g l y  lower  open c i r c u i t  
v o l t a g e .  I n i t i a l  d e v i c e  c h a r a c t e r i s t i c s  have been p r o m i s i n g  ( r e f .  7 ) .  Radia- 
t i o n  damage t e s t i n g  a w a i t s  f u r t h e r  d e v i c e  development. 
P o i n t  c o n t a c t  GaAs c e l l s .  - A r e c e n t  a n a l y s i s  by  Weizer and Godlewski 
( r e f .  8 )  o f  t h e  e f f e c t  o f  a l t e r n a t e  j u n c t i o n  geometr ies i n  GaAs showed t h a t  a 
p o i n t  c o n t a c t  geometry, s i m i l a r  i n  p r i n c i p l e  t o  t h a t  developed by Swanson 
e t  a l .  ( r e f .  3 ) .  i n  s i l i c o n ,  c o u l d  r e s u l t  i n  AM0 e f f i c i e n c i e s  i n  excess of  
25  p e r c e n t .  A c h i e v i n g  such performance i s  p r e d i c a t e d  on r e d u c i n g  t h e  j u n c t i o n  
area t o  1 p e r c e n t  o f  t h e  t o t a l  c e l l  a rea .  The reduced j u n c t i o n  a rea  reduces 
the  da rk  c u r r e n t  t o  t h e  low l e v e l s  r e q u i r e d  by t h e  c a l c u l a t i o n s .  Key r e q u i r e -  
ments for t h e  success fu l  f a b r i c a t i o n  and o p e r a t i o n  o f  such a d e v i c e  a re  an 
e x t r e m e l y  low back s u r f a c e  recomb ina t ion  v e l o c i t y  (< lo0  cm/sec>, a t h i n  c e l l  
s t r u c t u r e  ( < l o  pm t h i c k ) ,  and b u l k  d i f f u s i o n  l e n g t h s  i n  p- type m a t e r i a l  
approaching seve ra l  t ens  o f  m ic rons .  The l a t t e r  i s  r e q u i r e d  to  keep t h e  i n d i -  
v i d u a l  p o i n t  c o n t a c t  areas w i t h i n  reason: a t  1 p e r c e n t  coverage, p o i n t  con- 
t a c t s  1 pm2 i n  a r e a  w i l l  need t o  be p l a c e d  i n  a square l a t t i c e  p a t t e r n  on 
10 pm c e n t e r s .  I f  t h e  s t r u c t u r e  i s  to  be r a d i a t i o n  r e s i s t a n t ,  d i f f u s i o n  
l e n g t h s  seve ra l  t i m e s  g r e a t e r  t han  t h e  j u n c t i o n  separa t i ons  a r e  r e q u i r e d .  The 
c h a l l e n g e  i s  t o  b r i n g  a l l  t h e  elements t o g e t h e r  i n t o  a s i n g l e  d e v i c e .  
3 
GaAs c o n c e n t r a t o r  c e l l s .  - Concen t ra to r  s o l a r  a r r a y s  f o r  space a p p l i c a t i o n  
may p r o v i d e  a way to  achieve h i g h e r  e f f i c i e n c y  and b e t t e r  r a d i a t i o n  r e s i s t a n c e  
compared to  conven t iona l  s i l i c o n  a r r a y s ,  and a t  a reasonable c o s t .  
r a d i a t i o n  r e s i s t a n c e  c o u l d  come n o t  o n l y  from t h e  more r a d i a t i o n  t o l e r a n t  GaAs 
c e l l  m a t e r i a l ,  b u t  a l s o  from t h e  a d d i t i o n a l  s h i e l d i n g  p r o v i d e d  by t h e  i n d i v i d u a l  
o p t i c a l  e lements which f o c u s  t h e  l i g h t  on each smal l  a r e a  c e l l .  
o p t i c a l  e lements and smal l  a r e a  c e l l s  a r e  t h e  keys t o  reasonable c o s t  f o r  such 
an a r r a y .  A major  component o f  t h e  NASA program, t h e r e f o r e ,  has been t h e  
development o f  c o n c e n t r a t o r  c e l l s  w i t h  h i g h  e f f i c i e n c y  a t  t h e  expected o p e r a t -  
i n g  c o n d i t i o n s  o f  80C and 100 suns now under c o n s i d e r a t i o n  by NASA. 
F i g u r e  4 c o n t a i n s  a p l o t  o f  e f f i c i e n c y  as a f u n c t i o n  o f  c o n c e n t r a t i o n  
r a t i o  f o r  a m i n i a t u r e  ( 4  mm d iamete r  a c t i v e  a rea )  GaAs c o n c e n t r a t o r  s o l a r  c e l l  
produced for  NASA by Var ian ,  Assoc ia tes  ( r e f .  9 ) .  A maximum e f f i c i e n c y  o f  
25.1 p e r c e n t  i n  an n / p  c o n f i g u r a t i o n  was achieved near 300 suns AM0 a t  28C. 
Based on t h e  measured temperature c o e f f i c i e n t s  o f  s i m i l a r  dev i ces  ( i b i d . ) ,  t h e  
expected e f f i c i e n c y  a t  t h e  o p e r a t i n g  c o n d i t i o n s  ment ioned above should approach 
22.5 p e r c e n t  AMO. A key f a c t o r  i n  a c h i e v i n g  t h e  h i g h  performance was m a i n t a i n -  
i n g  c a r e f u l  c o n t r o l  ove r  t h e  s e r i e s  r e s i s t a n c e  and g r i d  l i n e  f a b r i c a t i o n .  An 
a l t e r n a t e  approach fo r  a c h i e v i n g  h i g h  o u t p u t  from GaAs c o n c e n t r a t o r  c e l l s  i s  
shown i n  f i g u r e  5 .  I n s t e a d  o f  u s i n g  an i n t r i c a t e ,  c a r e f u l l y  des igned g r i d  
s t r u c t u r e  t o  reduce s e r i e s  r e s i s t a n c e ,  a s imple,  t h i c k ,  s t r a i g h t  l i n e  p a t t e r n  
w i t h  heavy sur face  coverage has been employed, as shown by t h e  c e l l  on t h e  
l e f t .  A s i m i l a r  c e l l  i s  shown on t h e  r i g h t ,  except  t h a t  i t  has had added t o  
i t  a " p r i s m  cove r "  which e f f e c t i v e l y  e l i m i n a t e s  t h e  g r i d l i n e  o b s c u r a t i o n  by r e -  
f 1 ec t i ng 
t h e  i n c i d e n t  l i g h t  away from t h e  m e t a l l i z a t i o n  l i n e s  i n t o  t h e  c e l l  s u r f a c e  
( r e f .  10). T h i s  approach has r e s u l t e d  i n  a measured e f f i c i e n c y  o f  
22.3 p e r c e n t  a t  100 suns AM0 and 80C. 
Improved 
Inexpens ive  
o f  o p t i m i z a t i o n  o f  t h e  growth p rocess ,  and b o t h  c e l l  t ypes  w e r e  p lagued by h i g h  
d e f e c t  d e n s i t i e s  ( i n  excess o f  l o 8  cm-2) caused by l a t t i c e  mismatch between t h e  
s u b s t r a t e  and g row ing  InP  f i l m .  
taken t o  e l i m i n a t e  t h e  e f f e c t s  o f  d e f e c t s  which m i g h t  a r i s e  from t h e  GaAs/Si 
i n t e r f a c e .  I t  a l s o  serves as an impetus t o  i n v e s t i g a t e  the  growth o f  InP  
Growth d i r e c t l y  on GaAs s u b s t r a t e s  was under- 
I n P  C e l l s  
Cons ide rab le  p rog ress  has been made i n  deve lop ing  a h i g h  e f f i c i e n c y  InP  
c e l l  s t r u c t u r e ,  and i n  a s c e r t a i n i n g  i t s  r a d i a t i o n  damage c h a r a c t e r i s t i c s .  The 
papers by C o u t t s  e t  a l .  ( r e f .  111, and Welnberg e t  a l .  ( r e f .  121, p resen ted  i n  
t h i s  volume summarize t h e  s t a t u s  o f  t h i s  emerging and i m p o r t a n t  c e l l  t echno logy  
on b o t h  aspec ts .  E f f i c i e n c i e s  o f  l a b o r a t o r y  dev i ces  produced by o r g a n o m e t a l l i c  
chemical  vapor d e p o s i t i o n  (OMCVD) a r e  r o u t i n e l y  o v e r  18 p e r c e n t  AMO, w i t h  t h e  
r e c o r d  c u r r e n t l y  s e t  a t  18.8 p e r c e n t  ( r e f .  13 ) .  
I 4 
d i r e c t l y  on Ge s u b s t r a t e s ,  s i n c e  Ge i s  so c l o s e l y  l a t t i c e  matched to  GaAs. 
F i g u r e  6 shows t h e  i n t e r n a l  quantum e f f i c i e n c y  o f  I n P  c e l l s  on  I n P  s u b s t r a t e s ,  
GaAs s u b s t r a t e s ,  and GaAs/Si s u b s t r a t e s .  The e f f e c t  o f  t h e  h i g h  d e f e c t  d e n s i t y  
i n  t h e  c e l l s  w i t h  f o r e i g n  s u b s t r a t e s  i s  e a s i l y  seen i n  t h e  s e v e r e l y  l owered  r e d  
response i n  each case. 
compared t o  t h e  I n P  o n l y  c e l l  I s  a t t r i b u t e d  t o  a t h i c k e r  t h a n  d e s i r e d  e m i t t e r  
f o r  t h e  c e l l s  w i t h  t h e  f o r e i q n  s u b s t r a t e s .  
t h e  e a r l y  r e s u l t s  a r e  encourag ing .  
The poor  b l u e  response o f  t h e  h e t e r o e p i t a x i a l  c e l l s  
A h o s t  o f  prob lems y e t  rema in ,  b u t  
CONCLUSION 
Improved r a d i a t i o n  r e s i s t a n c e  i s  as i m p o r t a n t  to  many f u t u r e  space m i s -  
s i o n s  as i s  i n c r e a s e d  e f f i c i e n c y ,  and must be accounted  for  i n  a l l  s o l a r  c e l l  
des igns  f o r  p o t e n t i a l  space a p p l i c a t i o n .  Ef for ts  i n  t h e  NASA program t o  reduce 
r a d i a t i o n  damage, w h i l e  m a i n t a i n i n g  h i g h  e f f i c i e n c y ,  range  from g e o m e t r i c a l  
a l t e r a t i o n  o f  c e l l  s t r u c t u r e s  ( l i g h t  t r a p p i n g  t h i n  S i ,  V-groove and d o t  j u n c -  
t i o n  GaAs), t o  development o f  c e l l s  from m a t e r i a l s  w i t h  p o t e n t i a l l y  b e t t e r  
i n h e r e n t  r a d i a t i o n  r e s i s t a n c e  ( I n P ) ,  t o  h i g h  o u t p u t  c o n c e n t r a t o r  c e l l s  w i t h  a t  
l e a s t  p a r t i a l  s h i e l d i n g  from c o n c e n t r a t o r  o p t i c a l  e lemen ts .  E a r l y  r e s u l t s  i n  
. 
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t h r e e  areas  a r e  p r o m i s i n g .  
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